Based on gauge/gravity duality, we come to recognize that the lightest glueball is unstable, reveal predominant modes of decay inherent in this particle, and discuss a particularly promising way for detecting the lightest glueball.
The existence of hadrons made of gluons alone, now known as glueballs, was predicted [1] , [2] , [3] at the dawn of the age of quantum chromodynamics (QCD). However, these particles have not yet been observed with certainty.
The lightest glueball, a colour singlet of two gluons, is specified by zero total angular momentum, and positive parity and charge parity, J P C = 0 ++ , and, according to lattice and sum rule calculations, has mass in the range of about 1 − 1.7 GeV [4] , [5] , [6] , [7] .
Is the lightest glueball stable? The situation with conventional hadrons is various: the lightest meson, π 0 , is unstable, while the lightest baryon, p, is stable at least over 3 · 10 33 years. This dissimilarity may be attributed to the conserved baryon number responsible for stability of protons, and the absence of similar conserved quantum numbers from meson states. One may reason that there is a set of hadrons with suitable quantum numbers which is smaller in mass than the lightest glueball, and hence the decay into these hadrons is inevitable. However, the possibility that there exists a conserved charge, say a topological charge, which affords protection against the decay of the lightest glueball, must not be ruled out when it is considered that the analytical and topological properties of solutions of pure Yang-Mills theory are still poorly understood. A further argument in support of stability is that glueballs are immune from the electromagnetic and weak interactions because gluons are not involved in these interactions. As to the strong interaction of a glueball with its environment, this is a subtle point. All hadrons are colourless objects. Nucleons are assembled in nuclei due to a residual colour interaction between quarks, similar to the van der Waals force between neutral molecules. This mechanism is held to be valid in the semiclassical picture where quarks are represented by point particles linked together by thin tubes which enclose the total colour flux of the gluon field. In contrast, a theorem by Coleman [8] states that there are no localized (kink-like) finiteenergy solutions of pure Yang-Mills theory. This forbids the rendition of a glueball as a classical colourless localized configuration. Accordingly, the idea of the residual colour interaction between a glueball and its environment is problematic.
Is it possible to clarify this issue without going into details of the non-perturbative glueball structure? With this aim in view, it would be well to make use of gauge/gravity duality, aka the AdS/CFT correspondence, or holography [9] , [10] , [11] ; for a full coverage of ideas and methods of gauge/gravity duality see, e. g., [12] , [13] . Loosely speaking, this is a doctrine whereby a good part of subnuclear physics in a four-dimensional realm is modelled on physics of black holes and similar objects (black rings, black branes, etc.) in five-dimensional anti-de Sitter space (AdS 5 ) whose boundary is just this four-dimensional realm. But this view of gauge/gravity duality apparently indulges in wishful thinking. In their 2009 paper [14] , Klebanov and Maldacena remind the reader of the physics joke about the spherical cow as an idealization of a real one, and admit that "in the AdS/CFT correspondence, theorists have really found a hyperbolic cow". To remedy the situation, a major portion of the standard holographic mapping is to be amputated.
As a partial implementation of this plan the following criterion for discriminating between stable and unstable microscopic systems was offered in [15] : a system is stable when its dual is an extremal black object. For example, the dual of a proton is an extremal rotating charged black hole. The mapping of the physics of extremal black objects to that of stable quantum-mechanical entities seems a sound element of gauge/gravity duality.
At first sight, the converse is also true, that is, if a microscopic system is unstable, its gravitational counterpart is an ordinary black hole amenable to Hawking evaporation. The fact that all neutral spinless mesons are unstable might count in favour of this statement. The instability of these particles is related to the absence of extremal black objects among their possible counterparts which are typically Schwarzschild black holes.
Actually, there is no well-defined mapping between a particular unstable microscopic system and its associated black object in AdS 5 . To see this we refer to the fundamental quantum-mechanical principle which maintains that all microscopic systems of a given species are identical and indistinguishable. For the distinct mapping to be attained, their gravitational duals must exhibit identical properties, in particular equal masses. However, given two black holes of equal masses at a fixed instant in a particular Lorentz frame, we will find that their masses are different in other frames. Indeed, if two black holes are synchronously evaporated as viewed by some Lorentz observer, the synchronization of the rates of their evaporation fails in going to other frames because the simultaneity of separated events is frame-dependent.
Imagine for a while that only a single Schwarzschild black hole is in AdS 5 , or, else, the gravitational impact of the remaining objects may be disregarded for one reason or other. The geometry of this black hole has the greatest possible spatial isometry group, SO(4), equivalent to SO(3)×SO(3), which corresponds to exact chiral SU(2) L × SU(2) R invariance of QCD with N f = 2 flavours. Since this SU(2) L × SU(2) R group is spontaneously broken down to the isospin group SU(2) V , one may expect that the dual SO(4) symmetry is also broken down to SO(3). Therefore, Schwarzschild black holes in AdS 5 are to be amenable to spontaneous splitting into black objects whose symmetry is limited to SO(3), such as spinning Myers-Perry black holes [16] .
An apparent objection to this statement is that the Schwarzschild geometry is stable against small perturbations, and hence the Schwarzschild black hole splitting is unfeasible in the classical context. However, the case in point is a quantum tunnelling. Let us recall that particle-antiparticle pairs, AĀ, can be spontaneously created near the black hole horizon. One member of a virtual pair, sayĀ, falls into the black hole while its partner A escapes to infinity. We recognize Hawking radiation in those processes of pair creation and the subsequent particle escaping. Clearly, A andĀ may be spinning particles, and furthermore, they may be spinning black holes. After absorption ofĀ, the Schwarzschild black hole S becomes a spinning black hole S spin , and so the output of this process is two spinning black holes, S spin and A. Of particular interest are scenarios of the final stage of the Hawking radiation in which either S spin or A, or both are extremal black holes constituting remnants of the evaporating Schwarzschild black hole.
By the duality argument, an unstable neutral spinless particle must decay into spinning particles. However, this rule bears no relation to a large body of real decays. The eloquent counterexample is the decay of neutral kaons into pions.
Yet the rule is valid if all except few ways for decaying of the particle are forbiddenwhich suggests that its gravitational counterpart is largely isolated. To illustrate, we refer to the facts that the lightest neutral spinless meson π 0 whose weak interactions are suppressed decays into γγ, and the lightest scalar particle immune to the electromagnetic and strong interactions, the Higgs boson H 0 , decays into pairs of heavy fermions (bb, ττ ) or gauge vector bosons (W + W − , ZZ, gg, γγ). The lightest glueball is likely to fall into this category. It is unstable because its dual is a Schwarzschild black hole, and, as noted above, the lightest glueball is free from the electromagnetic and weak couplings, and the presence of the residual colour interaction between this particle and its environment is open to question. This suggests that the lightest glueball shares the exceptionality of π To be more precise, we assume that there are three predominant ways for the lightest glueball to decay, Figure 1 . Diagram (a) represents the decay mode whose outcome is a pair of truly neutral light-quark vector mesons, ρ 0 ρ 0 , or, alternatively, ωω. The masses of these particles are, respectively, m ρ 0 = 775 MeV, and m ω = 783 MeV. Diagram (b) displays the outcome as a photon and a truly neutral vector meson, which may be given by either ρ 0 , or ω, or φ (m φ = 1019 Mev). Diagram (c) sketches a two-photon decay mode. The ratio of probabilities of these modes can be roughly estimated as 1 : O(α) : O(α 2 ), where α = α(0) = e 2 /4π c ≈ 1/137 stands for the fine structure constant. This is a qualitative estimation. It may appear that a quantitative analysis of the decay widths of these processes through the use of the mashinery of gauge/gravity duality is not unduly difficult. It was proposed [17] to obtain nontrivial classical backgrounds of glueballs by mapping the dilaton field configurations or those of pertinent modes of the gravitational field in AdS 5 onto the four-dimensional screen, and then use this information to calculate the desired glueball properties. This strategy was further developed in most of ensuing holographic models; see, e. g., [18] and references therein. But these models overlook the Coleman theorem [8] by which the image of such mappings is ∅.
It is commonly supposed that the glueball field mixes with the quark-antiquark fields, uū + dd / √ 2 and ss, to form the experimentally observed spinless isoscalar resonances f 0 (980), f 0 (1370), f 0 (1500), and f 0 (1710) whose masses are in the range of about 1 − 2 GeV. The great majority of current studies of this subject pivots on the mixing problem; for a review see, e. g., [4] , [5] , [6] , [7] , and references therein. Note that these resonances decay into spinless particles, ππ, KK, ηη, and ηη ′ [19] . The width of the lowest-lying 0 ++ glueball is estimated to be 500 − 1000 MeV [20] . Our concern, however, is with the properties of the lightest glueball in its pure states. If it is granted that this entity can be created, its decay into vector particles is expected to dominate over other decay modes.
It remains to be seen whether the lightest glueball in its pure states could be actually produced. A credible speculation is that the depth of quark-gluon plasmas may have a beneficial effect on such a production. Indeed, the formation of a mixed state from the bound states |gg and |qq is promoted by the fact that |gg and |qq are close in their masses. For this to happen, the quarks must be dressed, and the |qq must be a hadronized state. In contrast, the proximity of masses bears no relation to |gg and |qq formed in quark-gluon plasmas. In this instance, the restored chiral symmetry renders quarks massless, while the quantum construction of |gg is the same in any circumstances, whether they refer to the quark-gluon plasma or hadron context. Therefore, it is a lump of quark-gluon plasma formed in a relativistic collision of heavy ions which is expected to create glueballs in their pure states. The idea that the high energy density quark-gluon plasma is a gluon rich environment in which the lowest mass glueballs should be copiously produced is not new, in particular this idea was advocated in [21] , [22] , [23] .
However, the possible yield of glueballs in these experiments is extemely difficult to identify against the background exhibiting many thousands of tracks. The multiplicities of scalar glueballs in a single central heavy-ion collision is estimated [24] by fitting the hadron ratios observed in Pb + Pb collisions at various energies to be 1.5 − 4 glueballs at the Large Hadron Collider (LHC).
This sends us in search of other ways for creating the lightest glueball. Let us digress for a while and observe that quantum-mechanical reversibility presents a further obstacle to gaining a well-defined correspondence between a particular unstable microscopic system and its gravitational counterpart. The latter suffers from the Hawking evaporation which is an irreversible process. The sole exception is provided by the final stage of evaporation of a Schwarzschild black hole S when S splits into extremal spinning black holes, S spin and A, constituting two remnants of S. The reverse of this splitting is a merger of S spin and A to regain S. With this observation, we take a closer look at the process reverse of that depicted in Figure 1, plot (c) , a head-on γγ collision at a centre-of-mass energy √ s in the range 1 − 2 GeV, with the helicity of the γγ system being 0. What is the unique experimental signature of the lightest glueball creation in such collisions? Since the production of two vector mesons ρ 0 ρ 0 , shown in Figure 1, plot (a) , is the holographically predominant way for decaying of the lightest glueball, and taking into account that ρ 0 decays into π + π − (which is ≈ 100% fraction, Γ = 153 ± 2 MeV), one may expect a drastic increase in the π + π − π + π − yield as √ s approaches the value of the lightest glueball mass.
In order to evaluate the feasibility of this scenario, we invoke recent evidence for the scattering of light by light in quasi-real photon interactions of ultra-peripheral Pb + Pb collisions, with impact parameters larger than twice the radius of the nuclei, at a nucleonnucleon centre-of-mass energy √ s = 5.02 TeV by the ATLAS experiment at the LHC [25] .
The cross section of the process Pb + Pb(γγ) → Pb ( * ) + Pb ( * ) γγ, for diphoton invariant mass greater than 6 GeV, is measured to be 70 ± 24(stat.) ± 17(syst.) nb. This result is in agreement with the Standard Model [26] . An important point is that the cross section σ γγ→γγ for √ s = 6 GeV is not too different from that for √ s = 1.7 GeV [27] , [28] .
Another piece of information derives from the usual QCD calculations of quarkonium partial widths [29] . The rule for changing two external photon lines by two external gluon lines refers to the factor 9 8
where α s (µ) stands for the QCD running coupling constant, which being taken at µ equal to the mass of charmed quarks m c = 1.28 GeV is α s ≈ 0.2. Indeed, this value of α s can be obtained [30] from the ratio
whose experimental value is ≈ 10. All things considered, the cross section of the lightest glueball creation in head-on γγ collisions at energy region about √ s = 1.7 GeV is expected to be ≈ 60 µb.
To test this prediction, it is attractive to use a photon collider, the most extensively studied prospective device (for a technical design report of the Photon Collider at TESLA see [31] ) having its origin in the conversion of laser photons into high-energy gammaquanta through the Compton scattering on high-energy electrons [32] . Schematically, the device consists of two electron beams moving towards each other to the interaction point x * . The electrons collide with laser photons at a distance of about 1 − 5 mm from x * . After the scattering, the photons become gamma-quanta with energy close to that of the electrons and follow their direction to x * where they collide with similar counterpropagating gamma-quanta. The maximum energy ω of the gamma-quanta is given by
where E and ω 0 are, respectively, the energy of the electrons and laser photons, and m the electron mass. For example, E = 7.5 GeV is needed if we are to convert the photon energy ω 0 = 1.17 eV (Nd: glass laser) into the gamma-quantum energy ω = 0.85 GeV. Using a laser with a flash energy of several joules one can obtain gamma-quanta whose spot size at x * will be almost equal to that of the electrons at x * , and the total luminocity of γγ collision will be comparable to the "geometric" luminocity of the electron beams.
The energy spectrum of the gamma-quanta becomes most peaked if the initial electrons are longitudinally polarized and the laser photons are circularly polarized. This gives almost a factor of 4 increase of the luminosity in the high-energy peak. The present laser technology has all elements needed for the required photon colliders [31] . The fact that the Stanford Linear Collider luminocity, ≈ 3 · 10 30 cm 2 /s, is four orders of magnitude greater than the luminocity, ≈ 5 · 10 26 cm 2 /s (corresponding to an integrated luminosity of 480 µb −1 ), of the light by light scattering event in Pb + Pb collisions at the LHC [25] is an added reason for this statement.
In summary, we look at gauge/gravity duality for displaying the predominant modes of decay of the lightest glueball, and suggest a promising way for experimental detection of this particle: the lightest glueball can be produced in γγ head-on collisions as a single resonance showing itself as the π + π − π + π − yield with relatively low background. For now, the holographic treatment of unstable particles, notably the lightest glueball, is far from rigorous. On the other hand, all existing analyses that enter into details of the decay of glueballs combine the standard methods of QCD with heuristic considerations, "toy models", and ad hoc assumptions. In the long run this state of affair bears on the Coleman theorem [8] .
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